Crystalline samples of four low-spin Fe(III) octaalkyltetraphenylporphyrinate and two low-spin Fe(III) tetramesitylporphyrinate complexes, all of which are models of the bis-histidine-coordinated cytochromes of mitochondrial complexes II, III, and IV and chloroplast complex b6 f, and whose molecular structures and EPR spectra have been reported previously, have been investigated in detail by Mö ssbauer spectroscopy. The six complexes and the dihedral angles between axial ligand planes of each are [(TMP)- . Of these, the first three have been shown to exhibit normal rhombic EPR spectra, each with three clearly resolved g-values, while the last three have been shown to exhibit "large gmax" EPR spectra at 4.2 K. It is found that the hyperfine coupling constants of the complexes are consistent with those reported previously for low-spin ferriheme systems, with the largest-magnitude hyperfine coupling constant, Azz, being considerably smaller for the "parallel" complexes (400-540 kG) than for the strictly perpendicular complex (902 kG), Axx being negative for all six complexes, and Azz and Axx being of similar magnitude for the "parallel" complexes (for example, for [(TMP)Fe(1-MeIm)2]Cl, Azz ) 400 kG, Axx ) -400 kG). In all cases, Ayy is small but difficult to estimate with accuracy. With results for six structurally characterized model systems, we find for the first time qualitative correlations of gzz, Azz, and ∆EQ with axial ligand plane dihedral angle ∆ .
Introduction
Heme-containing electron-transfer proteins are essential to many biological processes. The two major classes of hemebased electron-transport proteins, having bis-histidine-and histidine-methionine-coordinated heme centers, shuttle between iron(II) and iron(III) oxidation states and are usually called the cytochromes a, b, and c, based on the differing substituents on the periphery of the heme. In addition to relatively small molecular weight heme proteins, 1-9 a number of cytochromecontaining multi-heme protein complexes with bis-histidine coordination are known. These include the cytochromes b of mitochondrial Complexes II, 10 oxidase), 30 as well as bacterial analogues of these multi-heme electron-transfer proteins and a number of additional multi-heme cytochromes c that are involved in electron transfer and/or redox of the oxides of nitrogen, 31-34 sulfur, 35 and other main group elements. Complex III, also called the cytochrome bc 1 complex or ubiquinol:cytochrome c oxidoreductase, plays an important role in the electron transfer in mitochondria, chloroplasts, and many aerobic and photosynthetic bacteria. It transfers electrons from the lipophilic ubiquinol (a two-electron donor), which was pre-reduced by mitochondrial Complex II, to soluble cytochrome c, a one-electron acceptor; this process is coupled to translocation of two protons across the inner mitochondrial membrane per two electrons passed to cytochrome c, which then carries them, one at a time, to cytochrome oxidase (Complex IV). 29 Cytochrome b 6 f of photosynthetic bacteria and chloroplasts transfers electrons from the lipophilic plastoquinol (a twoelectron donor), which was pre-reduced by Photosystem II, to a hydrophilic one-electron acceptor (a c-type cytochrome for photosynthetic bacteria or plastocyanin for chloroplasts), which then reduces Photosystem I, and couples this electron transfer to translocation of two protons across the chloroplast membrane. 36 The characterization and mechanistic understanding of these high-molecular-weight, membrane-bound, multi-heme systems continues to be a significant challenge.
One of the first and most useful spectroscopic tools that provided much insight into the number, properties, and roles of the heme centers in the cytochrome bc 1 complex was EPR spectroscopy. The unusual EPR spectra for the cytochrome bc 1 complex were first reported by Orme-Johnson, Hansen, and Beinert 37 and later analyzed in detail by Salerno. 38 EPR data for the bc 1 complex show that both of the b hemes (as well as the c 1 heme) exhibit the single-feature EPR signals known as highly anisotropic low-spin (HALS) or, preferably, "large g max " 39 type with g max ) 3.41-3.44 and 3.75-3.78 for high and low reduction potential hemes, b H and b L , respectively. Cytochrome b 6 f does not yield a resolved EPR signal for the hemes of cytochrome b 6 (except for the high-spin heme sometimes called heme x 40 ), but the g-values of hemes b l and b h (also called b n and b p ) have been estimated as 3.6 by magnetic Mössbauer spectroscopy. 41 For the cytochrome bc 1 complex of mitochondria and the structurally and functionally related cytochrome b 6 f complex of chloroplasts, these "large g max " EPR signals "relax" to normal rhombic EPR signals (with g 1 , g 2 , and g 3 values observed, and typically 2.9, 2.25, and 1.54, respectively) when the cytochrome b protein is extracted from the membrane and the other proteins of the complex. [42] [43] [44] In earlier work with bis-imidazole-ligated iron(III) porphyrinates, we have found that the axial ligand arrangement, i.e., the absolute and relative orientations of the two planar axial ligands, is an important factor in defining the EPR spectroscopic properties. 39, [45] [46] [47] [48] Ligand orientation is also likely to be a significant determinant of the reduction potentials of these heme centers. Studies with synthetic ferriheme complexes have shown that the coordination of bulky imidazoles (2-methylimidazole, 1,2-dimethylimidazole, etc.) or some pyridines (3,4-dimethylamino-pyridine, pyridine itself, etc.) to iron(III) tetraphenylporphyrin (TPPFe(III)) 39,45 or hemin itself ((ProtoIX)Fe(III)) 49,50 leads to a "large g max " EPR signal similar to that reported for the bc 1 complex. 37, 38 These signals have one g value g3.2 (sometimes as large as 3.78) and nearly or completely undetectable g 2 and g 3 , and are observable only at very low temperature (<10 K in most cases). 49 62 and those for other mammalian b heme centers are similar, but all are affected by the conditions used for measurements, including detergent or lipid and the electron-transfer mediators used, as well as the presence of inhibitors that bind to the quinone sites and the state of oxidation of the quinone near heme b H . 63 Mössbauer spectroscopy is another technique that has been utilized to characterize some ferriheme protein systems, 41, [64] [65] [66] [67] [68] [69] [70] but no investigations of the mitochondrial Complexes II, III and IV have yet been reported. The magnetic Mössbauer spectra of several multi-heme protein complexes have been reported, 41, 68, 70 although it is very difficult to deconvolute the overlapping Möss-bauer spectra of multi-heme complexes when the parameters of the centers are similar. Therefore, investigations of synthetic ferriheme models by Mössbauer spectroscopy can be helpful in interpreting the complex patterns observed for multi-heme complexes. The magnetic Mössbauer spectra of some OEP, TPP, TMP, and other phenyl-substituted TPP complexes of Fe(III) 39, 56, [71] [72] [73] and Fe(II) [74] [75] [76] have been reported previously. These studies have clearly shown that the Mössbauer quadrupole splittings in small applied magnetic field are sensitive to the axial ligand orientation, 39, 56, [71] [72] [73] and at least the broad categories of "parallel" and "perpendicular" relative ligand orientation can be distinguished. Furthermore, by fitting the magnetic Möss-bauer spectra, the two unobserved g-values in the EPR spectra of "large g max " centers can be estimated. 39, 56, [71] [72] [73] However, while the largest hyperfine coupling constant, A zz , can be estimated very accurately from the spread of the magnetic Mössbauer spectrum, the two smaller-magnitude hyperfine coupling constants, A yy and A xx , are usually less accurately determined by the spectral fits, 73 and thus the values of the other two g-values, g yy and g xx , usually cannot be as well defined as desired. Furthermore, from magnetic Mössbauer and EPR spectra alone, it is sometimes not possible to determine unambiguously whether g zz or g xx is the largest g-value, and thus it cannot be stated with certainty whether the unpaired electron is in the d yz or the d xy orbital, respectively. 73 In these cases (where the rhombicity, V/∆, is greater than 2/3), singlecrystal EPR data or pulsed EPR data on frozen solution samples are required to determine the orientation of the g-tensor and thus whether the electron configuration is (d xy ) 2 72, [77] [78] [79] [80] [81] However, this is not a problem for bishistidine-coordinated cytochromes and their models, which have all long been known to have (d xy ) 2 (d xz ,d yz ) 3 electron configurations, [37] [38] [39] 46, 77, 78, 80, [82] [83] [84] [85] 89 and thus for all of these systems the Mössbauer spectra can be unambiguously interpreted in terms of the latter electron configuration.
In previous studies from this laboratory, Mössbauer spectra of bis-imidazole or -pyridine complexes of iron(III) porphyrinates were obtained for 57 Fe-enriched frozen solution or rapidly precipitated polycrystalline samples, [71] [72] [73] and it was found that the magnetic Mössbauer spectra were difficult to fit and appeared to consist of several overlapping spectra from species that were in some way different from each other. Thus, in this study, we have investigated the Mössbauer spectra of pure crystalline samples of the same crystalline form as that for which the crystal structure was determined, to see whether there might be a direct relationship between the axial ligand plane dihedral angle ∆ and the Mössbauer parameters observed for model ferriheme complexes, and whether crystalline samples might lead to more precise fitting of the magnetic Mössbauer spectra. Accordingly, in this paper we describe the Mössbauer spectra of six crystalline complexes, [56] [57] [58] [59] and the crystalline samples used for the Mössbauer spectral investigations utilized exactly the same crystalline form as that used for the earlier structure determinations. The axial ligand plane dihedral angles of these six complexes span the entire possible range of ∆ , from 0°to 90°. Three complexes display normal rhombic EPR spectra (dihedral angles 0°, 56 19.5°5 9 and 26°, 30°5 7,86 ); the remaining three exhibit "large g max " EPR signals at 4.2 K. 58, 59 These latter three complexes were the ones we were initially most interested in studying. As it turns out, all six of the complexes provided new information that is valuable to our understanding of the magnetic spectroscopic properties of these types of ferriheme systems, and the results show us clearly that the difficulties encountered previously in fitting the Mössbauer spectra of ferriheme model complexes in frozen solution or solid samples that precipitated rapidly from solution [71] [72] [73] probably arose from the presence of multiple orientations of the axial ligands within the two broad classes of ligand orientations ("parallel" and "perpendicular"). Thus, from the present work, it is clear for the first time that there are qualitative relationships between the axial ligand plane dihedral angle ∆ and the largest EPR g-value, g zz , the largest Mössbauer hyperfine coupling constant, A zz , and, to a lesser extent, the quadrupole coupling constant, ∆E Q .
Experimental Section
The crystalline samples of paral-
Cl, and [(OETPP)Fe(4-Me2NPy)2]Cl, whose crystal and molecular structures are known, were prepared as described previously. [56] [57] [58] [59] Polycrystalline natural ironcontaining samples for Mössbauer spectroscopy were placed in solid Delrin sample holders and covered with a minimum of mother liquor for the octaalkyltetraphenylporphyrinates, which contain solvent molecules of crystallization, 58, 59 or without mother liquor for the TMP complexes, which do not. 56, 57 They were cooled to 233 K during shipping and then stored at 77 K.
Mössbauer spectra were recorded using a conventional spectrometer in the constant-acceleration mode. Isomer shifts are given relative to R-Fe at room temperature. The spectra obtained at 20 mT were measured in a liquid helium bath cryostat (Oxford MD 306) equipped with a pair of permanent magnets. For the high-field spectra a cryostat equipped with a superconducting magnet was used (Oxford Instruments). Magnetically split spectra of paramagnetic samples were simulated in the spin-Hamiltonian approximation described below; otherwise, spectra were analyzed by least-squares fits using Lorentzian line shapes.
The Zeeman interaction of a spin with an applied field B B and describing the electronic g-tensor is given by the Hamiltonian where µ B denotes the Bohr magneton. Magnetic Mössbauer spectra were simulated using eq 1 together with the nuclear Hamiltonian 87
Here I denotes the nuclear spin quantum number, Q the nuclear quadrupole moment of the excited nuclear state, Vzz the z-component of the electric-field gradient (EFG) tensor and η ) (Vxx -Vyy)/Vzz the asymmetry parameter of the EFG, gN the nuclear g-factor, 〈S B〉 the electron spin expectation value, and µN the nuclear magneton. Note that the axis system being used for the EFG is that of the g-and A-tensors, i.e., with z along the normal to the porphyrin plane and x and y axes in the porphyrin plane. 47, 48, 84 The g-tensor normalization condition gxx 2 + gyy 2 + gzz 2 ) 16 84,88,89 was used in this fitting procedure.
Results and Discussion
X-band EPR spectra of all samples of this study have already been reported [56] [57] [58] [59] and the g-values are summarized in Table  1 , where x, y, and z axes are defined in terms of the molecular frame, with z oriented along the heme normal and x and y in the porphyrin plane in all cases. Field-dependent Mössbauer spectra, obtained at 4. Figure S1 . Based upon the assumption that "g max " ) g zz ) 3.61, the spectra can be simulated with the following hyperfine coupling tensor elements: A zz ) +902 kG, A xx ) -225 kG, and A yy ) 293 kG (Table 1) . Applying the normalization condition for the g-tensor (∑g 2 ) 16) leads to the best estimates of g yy and g xx of 1.53 and 0.63, respectively. These values are thus used to calculate the crystal field parameters, tetragonality and rhombicity, 84 given in Table 1 .
The internal magnetic field at the 57 Fe nucleus is given by H B int ) -〈S B〉‚S B/g N µ N . For the magnetic splitting, the effective hyperfine field, which is the sum of the external and the internal fields, must be considered. Nevertheless, the internal field dominates strongly, and therefore the magnetic splitting of a ferric low-spin system is effectively determined by the product 〈S B〉‚A B. For S ) 1 / 2 ferric ion, the symmetry of the g-tensor is reflected within direction-dependent spin expectation values. The corresponding g-tensor component determines the sign of the (86) Two molecules are found in the unit cell, one with an axial ligand plane dihedral angle of 26°and the other of 30°, but the two have similar angles from the N-Fe-N axes. 57 Although there is evidence of two overlapping EPR spectra, it was not possible to deconvolute the two because of the similarity of the g-values. 57 
corresponding spin expectation value. If the main axis systems of the g-and A-tensors coincide, then the components of the internal hyperfine field at the 57 (Table 1) . Figure 3 shows the Mössbauer spectra of paral-[(TMP)Fe-(5-MeHIm) 2 ]ClO 4 (∆ ) 26°, 30°). 86 The spectrum obtained at 20 mT (Figure 3a) shows an asymmetric doublet, which indicates that the spin relaxation rate is faster than that of perp-[(OETPP)Fe(1-MeIm) 2 ]Cl. The application of large external fields perpendicular (Figure 3b ,c) and parallel (Supporting Information Figure S4 ) to the γ-beam slows the relaxation, and the spectral shape could be well reproduced with the parameters given in Table 1 Figure  S4 ) are characteristic of most Type II 47 centers. 73 Likewise, [(TMP)Fe(1-MeIm) 2 ]ClO 4 (∆ ) 0°) also shows an asymmetric doublet at 4.2 K in the presence of a 20 mT field (Figure 4a ) with ∆E Q ) 2.24 mm/s. The application of large external fields produced the spectra shown in Figure 4b ,c and Supporting Information Figure S6 , where the spectral shapes were well reproduced with the parameters given in 73 ) than that of Type I centers (Figure 1 and ref  73) . Nevertheless, it is still dominated by 〈S z 〉‚A zz , and the value of A zz (+489 kG) is the same in sign but smaller in magnitude than that of Type I complexes. In this case, the value of A xx is only somewhat smaller in magnitude than that of A zz , but of opposite sign, and A yy is much smaller and positive, as observed previously. 73 The Figure S6 ) discussed above. In a low field of 20 mT, no significant magnetic splitting is observed; in fact, the spectrum of paral-[(OMTPP)Fe(1-MeIm) 2 ]Cl shows a symmetrical doublet. The application of large external fields induces the magnetic splitting characteristic of Type II complexes. 47, 73 As mentioned in the caption to Figure 5 , these spectra were analyzed in the fast-relaxation limit and yielded a value of A zz ) 499 ( 15 kG. Analyzing the 7 T spectra in the slowrelaxation limit yielded A zz ) 450 kG, but within that limit it was not possible to find a unique set of parameters that also fit the spectra obtained at 4 T. Therefore, we report only the data obtained from fits in the fast-relaxation limit.
The question arises as to the reason for the different relaxation behaviors of the complexes in this study. Ferriheme centers in proteins, such as the low-spin form of cytochrome P450 cam , 64 several electron-transfer cytochromes, 65 Mössbauer spectra at 4.2 K in small applied fields. This indicates that the intrinsic relaxation rate, ω, of the electron spin of most of these centers is slower than the Larmor frequency, about 10 7 s -1 . If the molecules are embedded in a crystal lattice, as in this study, spin-spin relaxation between nearby Fe(III) centers occurs, which increases the relaxation rate of the electron spin. This has also been observed for solid samples of the Type III center [(p-TTP)Fe-(2,6-XylylNC) 2 ]CF 3 SO 3 , 92 the 4.2 K Möss-bauer spectra of which have been analyzed in the intermediate spin-spin-relaxation regime by the dynamic line-shape formalism of Blume and Clauser. 93 The Table S1 . In each case, the appearance of the 4.2 K, 20 mT Mössbauer spectrum is consistent with a combination of the shortest iron-iron distance and the number of iron neighbors within slightly more than 14 Å. The spin-spin relaxation model applied here does not take into account favorable pathways for electron spin relaxation, which in some cases may also contribute.
The Unlike the observation for previous powdered samples of lowspin Fe(III) porphyrinates investigated by this group, 73 the magnetic Mössbauer spectra of ground crystals of both paraland perp-[(OMTPP)-Fe(1-MeIm) 2 ]Cl exhibit no contamination due to high-spin Fe(III), low-spin Fe(II), or other low-spin Fe-(III) forms of either complex, and the spectra of each of the six complexes of this study could be fit with only one component. This is probably due to the fact that all molecules in the sample have the same axial ligand plane orientations, whereas the previous samples, 73 including those rapidly precipitated solid materials of possibly mixed crystalline forms as well as all frozen solution 57 Fe-enriched samples, undoubtedly had a distribution of axial ligand plane dihedral angles. As shown below, in this work we find correlations between the axial ligand plane dihedral angle, ∆ , and the values of g zz , A zz , and ∆E Q , and thus it is not surprising that the magnetic Mössbauer spectra of polycrystalline or frozen solution samples, which probably have a distribution of axial ligand plane dihedral angles, are not as easily fit.
The detailed results obtained in this work from the careful fitting of Mössbauer spectra in low (20 mT) and high (4.0 and 7.0 T) magnetic fields applied parallel and perpendicular to the direction of the γ-beam for the six bis-imidazole and bis-pyridine complexes of Fe(III) OETPP, OMTPP, and TMP are given in Table 1 . In Table 2 , the results of this study are summarized, along with EPR and magnetic Mössbauer data of other model heme complexes that were also acquired on the same crystalline form as used for the structure determinations; magnetic Möss-bauer data acquired for the histamine complexes of nitrophorins 2 and 4 90 are also included, as are available EPR and structural data for cytochromes b 5 , [94] [95] [96] [97] [98] cytoglobin, [99] [100] [101] and neuroglobin 99, 102 and EPR 38,41 and Mössbauer 41 data for the bc 1 and b 6 f protein complexes. As can be seen, the three "parallel" model ferriheme complexes have much larger quadrupole splittings than do the three "perpendicular" complexes. This result is consistent with previous studies 39, 56, 73 and is expected because the "parallel" complexes, with large rhombicity, should have much more asymmetric electron distributions than do the "perpendicular" complexes. Indeed, the "parallel" complexes show an asymmetry parameter η ≈ -2, which means that by far the largest-magnitude component of the EFG, V xx , is much larger than V zz . The "perpendicular" complexes, on the other 84 for cytochrome b6. The reported value of η ) 0 suggests an axial EFG tensor, which most probably is not correct. It should be noted that the quality of the experimental data presented in ref 41 and the presence of at least five different iron species did not allow a more precise determination of η by Mössbauer spectroscopy.
hand, show η ≈ -1, which means that the magnitudes of V xx and V zz are similar.
The isomer shifts of the six complexes are within experimental error of each other and equal to 0.27(2) mm/s, as is expected for low-spin Fe(III) complexes at 4.2 K. The hyperfine coupling constants of the complexes are also consistent with those reported previously, 39,56,73 with the largest-magnitude hyperfine coupling constant, A zz , being considerably smaller for the "parallel" complexes (400-540 kG) than for the strictly perpendicular complex (902 kG), A xx being negative for all six complexes and smallest in magnitude for the strictly perpendicular complex (-225 kG), and A yy being small and usually positive but difficult to estimate with accuracy for all six complexes.
The structure, EPR, and Mössbauer data for bis-imidazoleand bis-pyridine-coordinated OETPP-, OMTPP-, and TMPFe-(III) complexes under study in this work, 39, 56, 90 as well as other well-characterized systems reported previously, allow us to establish for the first time some interesting qualitative correlations of the values of g zz , A zz , or ∆E Q with the dihedral angle between the axial ligands. In Figure 6 the values of g zz are plotted as a function of the dihedral angle, ∆ , and a linear correlation is observed: g zz increases with increasing ∆ . The g zz -values of the bovine cytochrome bc 1 hemes b H and b L and spinach chloroplast cytochrome b 6 f hemes b h and b l are also included in Figure 6 (data points 16-19, respectively). All these g zz values deviate somewhat from the least-squares fit of the model heme data points. Part of this deviation might be a result of the difference between the substituents present on the natural heme (protohemin IX, heme b) and those used for the present study, all of which have phenyl substituents on the mesocarbons. However, the nitrophorin (5 and 8), cytochrome b 5 (3 and 6), neuroglobin (9), and cytoglobin (10) data points do not deviate significantly from the best-fit line, even though they all also contain heme b. Preliminary DFT calculations 103 indicate no obvious dependence of Mössbauer parameters upon heme substituents. More likely, it should be noted that the g max signal for one of the b ferrihemes of the bc 1 complex (b H ), as well as those of several of the model ferrihemes (notably 13, 56 14, 51 and to a lesser extent 15 59 ), is broad, probably in part as a result of g-strain 104 and in part as a result of a distribution of g-values arising from a degree of microheterogeneity in the structures of these ferriheme centers. 38 For the bc 1 complex a range of g-values has been reported for each of the b ferrihemes (3.41-3.44 38 and as high as 3.48 63 for ferriheme b H and 3.75-3.78 for ferriheme b L 38 ); the g-value reported for the two b hemes of cytochrome b 6 f is an estimate based upon Mössbauer data, 41 and it is possible that the individual values differ somewhat from this average. Therefore, in Figure 6 we have shown distributions of g zz values for both types of cytochrome b heme centers and three of the model ferriheme complexes that have broad "large g max " signals as well.
The maximum possible g-value for a low-spin Fe(III) complex is about 3.8, 38 and the ferriheme center of mitochondrial cytochrome b L (17) approaches that limit more closely than any other bis-imidazole-coordinated ferriheme complex currently known; at present we do not know why the model ferrihemes with 89°(14) or 90°(15) dihedral angles do not have larger g max values.
One possible difference between the model ferrihemes and the large protein complexes is the electrostatic nature of the medium, a concentrated crystal lattice with closely spaced cations and anions as compared to a generally hydrophobic intermembrane location for the cytochrome b ferrihemes. However, the latter do have one arginine guanidinium side chain hydrogen-bonded to one of the two propionates of each heme b 11-25 (except for yeast b H , where a lysine ammonium side chain plays this role [21] [22] [23] [24] ), thus making the protohemin center neutrally charged overall, and isolated by nearly 10 Å between the heme edges of b L and b H or b l and b h , or 20.2-20.9 Å between Fe-(III) centers. 11-25 As already mentioned above, in the crystalline model complexes of this study the closest distances between Fe(III) centers range from 9.5 to 12.7 Å, depending on crystal form (Supporting Information Table S2 ). How to evaluate the possible contributions of the difference in electrostatic medium and/or greater distances between iron centers to the observed EPR g-values is not clear at this time.
The two synthetic complexes of the present study whose values of g zz deviate the most from the best-fit line of Figure 7 , except for the cytochrome b 6 data points (18, 19) ; the deviation of the latter is mainly a consequence of the difficulty of fitting the magnetic Mössbauer spectra of complex systems consisting of overlapping broad spectra (three in the cytochrome b 6 f case). The fact that both g zz and A zz are correlated with the dihedral angle ∆ is not surprising, because a correlation exists between A zz and g zz . 73 Thus, it is a bit surprising that point 4 does not fall off the best-fit line of the plot of A zz vs ∆ , as it does for the plot of g zz (and also ∆E Q , discussed below) vs ∆ . In the case of 4, it is possible that this discrepancy might be a result of the choice of the fast-relaxation limit for analysis of the magnetic Mössbauer data. This choice is justified by the fact that we observe a symmetric doublet with no magnetic splitting at 4.2 K in a field of 20 mT ( Figure  5a ). Nevertheless, we have also analyzed the 7 T spectra of 4 in the slow-relaxation limit, which reduces A zz from 499 to 450 kG. However, within this limit of slow relaxation it was not possible to find a unique parameter set that also fits the spectra obtained at 4 T. Therefore, we have reported the fastrelaxation limit fit for 4 in Table 1 and Figure 7 . Although the slow-relaxation limit value of 450 kG would cause this data point to be off the correlation line, it would still deviate less than do data points 1 and 15. Despite the deviations, utilizing the correlations between ∆ and g zz or A zz , we have a new method for obtaining structural information. By using Figures  6 and 7 , unknown dihedral angles of ferriheme axial ligands may be roughly estimated by measuring g zz by EPR spectroscopy and/or (preferably) A zz by Mössbauer spectroscopy.
A linear correlation between ∆E Q and ∆ is less obvious (Figure 8 (Figures 6 and 8) .
Thus, the Mössbauer and EPR parameters for bis-imidazole and bis-pyridine Fe(III) porphyrinates of this study, as well as those of other (d xy ) 2 (d xz ,d yz ) 3 ground-state systems included in Table 2 (Table 1) , as represented by the sizes of the square data points. Denotation of the complexes is given in Table 2 . The data points for chloroplast cytochrome b 6 (18, 19) are not included in calculation of the least-squares line for reasons discussed in the text. In all cases the error in the fitted value of ∆EQ is (0.02 mm/s (Table 1) , and thus falls within the sizes of the square data points. Denotation of the complexes is given in Table 2 . Data points 4, 7, 18, and 19 are not included in the calculation of the least-squares line for reasons discussed in the text.
largest three dihedral angle centers give rise to "large g max " EPR spectra. 105 From this group of molecular structures, it thus appears that the transition from normal rhombic to "large g max " is sharp and occurs at an axial ligand plane dihedral angle of 57°. 105 However, no Mössbauer spectra have yet been obtained on these new crystalline forms to allow us to evaluate trends in A zz and ∆E Q .
From the present study, we can reach conclusions about the extremes in axial ligand plane dihedral angles, from 0°to 30°a nd 70°to 90°. The perp-[(OMTPP)Fe(1-MeIm) 2 ]Cl (∆ ) 90°) has a value of A zz that is among the largest reported thus far for bis-histidine-coordinated heme centers 73 and similar to those of cytochrome b 6 of chloroplasts, 41 57 Fe-labeled samples which probably consisted of distributions of "parallel" ligand planes) and lowspin hemes c(4) and c(5) of D. desulfuricans hexaheme nitrite reductase 70 (540 and 505 kG, respectively) and nitrophorins 2 and 4 (530 and 540 kG, respectively 90 ) 106-109 among heme proteins. It would be interesting to carry out a magnetic Mössbauer spectroscopic investigation of mitochondrial Complex III, but because the cytochrome bc 1 complex contains three heme centers, all with "large g max " EPR signals, 38 deconvolution of the three overlapping spectra, likely with similar values of A zz , would be extremely difficult without using redox poising of several Mössbauer samples, as has been done to deconvolute the EPR signals, 38 and even then there would still be spectral overlap, as was true in the case of the Mössbauer spectra of chloroplast b 6 f. 41 
Conclusions
We have shown for the first time that relationships exist between increasing dihedral angle of the axial ligand planes, ∆ (from 0°to 90°), and EPR and Mössbauer spectroscopic properties. A zz dominates the magnetic splitting of the Mössbauer spectra exhibiting "large g max " EPR signals (Type I complexes). The values of g zz and A zz increase with increasing dihedral angle (Figures 6 and 7) , which means that the hyperfine field B hf is greatest for perpendicular ligand plane orientation. In contrast, the quadrupole splitting behaves oppositely, decreasing with growing dihedral angle (Figure 8 ). In general, the "parallel" complexes show asymmetry parameters η near -2, which means that the largest-magnitude component of the EFG, V xx , is much greater than V zz , while the "perpendicular" complexes show η near -1, which means that the magnitudes of V xx and V zz are similar. Thus, an increasing dihedral angle of the ligand planes leads to a smaller distortion of the charge density at the iron center.
